The common consensus among researchers and practitioners alike is that high free ammonia concentrations cause nitrite oxidizer inhibition in wastewater treatment systems. The work of Anthonisen et al. (1976) , who produced an operational chart providing guidance on the free ammonia concentrations most likely to produce nitrite oxidizer inhibition, is considered by many to be the definitive work that established the inhibitory nature of free ammonia in wastewater treatment systems. Over the past three decades several investigators have reported discrepancies in the range of inhibitory free ammonia concentrations. Anthonisen et al. (1976) reported inhibition of nitrite-oxidizers at free ammonia concentrations of 0.1 to 1 mg/L, Turk and Mavinic (1986) reported no significant nitrite-oxidizer inhibition for free ammonia concentrations below 10 mg NH 3 -N/L, whereas Mauret et al. (1996) concluded that free ammonia inhibits Nitrobacter, in the range of 6.6 to 8.9 mg NH 3 -N/L. On the other hand, Gieseke et al. (2003) state that it is not known whether bacteria of the genus Nitrospira, now believed to be the most prevalent nitrite oxidizer in wastewater systems, are inhibited by free ammonia.
Some investigators have called into question the true cause of observed nitrite oxidizer inhibition. For example, Cecen and Ipek (1998) suggested that the dissolved oxygen to free ammonia ratio and not the free ammonia concentration itself is important, when attempting to induce nitrite accumulation. The work of others (Stuven et al. 1992; Yang and Alleman 1992; and Hyungseok Yoo et al. 1999 ) has suggested that hydroxylamine -an intermediate in the ammonia oxidation process -may be the true cause of nitrite oxidizer inhibition and therefore of nitrite accumulation. Many authors agree; however, that selective inhibition of nitrite oxidation via apparent free ammonia inhibition would allow direct oxidation of ammonia to nitrite and denitrification to dinitrogen gas with the inherent benefits of reduced aeration and carbon requirements. The starting point to designing such a process is the development of a clearer understanding of the mechanism(s) associated with nitrite oxidizer inhibition and nitrite accumulation.
This paper describes the results of exploratory work conducted to both confirm the results of mixed culture batch tests suggesting free ammonia may not be inhibitory to nitrite oxidizers as commonly reported and elucidate the likely mechanism(s) responsible for observed phenomenon. Free ammonia inhibition trials were undertaken using pure cultures of Nitrospira moscoviensis, since Nitrospira spp. were the predominant nitrite-oxidizers in the systems studied for this research program. The results of these experiments support the conclusion that free ammonia is probably not inhibitory to nitrite-oxidizing organisms in wastewater systems.
INTRODUCTION
The work of Anthonisen et al. (1976) is considered by many to be the definitive work that established the inhibitory nature of free ammonia toward nitrite oxidizers. Anthonisen et al. (1976) hypothesized that, depending upon the operating conditions and initial loading rates, varying nitrite concentrations will persist without subsequent oxidation to nitrate, especially in solutions or wastewater having high organic nitrogen or ammonia-nitrogen concentrations. These authors postulated that inhibition was specifically related to free ammonia and free nitrous acid and that certain concentrations of free ammonia would inhibit nitrite but not ammonia oxidizers. In their original paper, they provide schematic representations of batch nitrification with and without inhibition. Anthonisen et al. (1976) used the associated concepts to develop an operational chart indicating the various concentration ranges where free ammonia and nitrous acid would likely be inhibitory to ammonia and/or nitrite oxidizers. These authors reported free ammonia was likely to be inhibitory towards nitrite oxidizers in the range 0.1 to 1 mg-NH 3 /L (0.08 to 0.8 mg NH 3 -N/L) and to ammonia oxidizers in the range 10 to 150 mg-NH 3 /L (8.2 to 123.5 mg NH 3 -N/L).
There has been a great deal of interest in free ammonia inhibition of nitrite-oxidizers since Anthonisen et al. (1976) published their seminal paper. Much of this interest has been driven by a desire to design nitrification/denitrification systems that selectively inhibit nitrite oxidationthereby eliminating the formation of nitrate. Numerous authors (Voets et al. 1975; Turk and Mavinic 1986 , 1989a , 1989b Balmelle 1992; Chen et al. 1991; Fdz-Polanco et al. 1996; Garrido et al. 1997; Hyungseok Yoo et al. 1999 ) have reported the capital and operational benefits of the process, referred to here as the nitrate shunt, to include: a 25% reduction in aeration requirements, a 40% reduction in external carbon addition for denitrification in low C:N wastes, a potential reduction in anoxic zone volume and a significant reduction in sludge production.
Although free ammonia is still the consensus cause of nitrite oxidizer inhibition and therefore considered the key to process operation, there are discrepancies in reported inhibitory ranges, as well as the actual cause of observed nitrite oxidizer inhibition. For instance, Turk and Mavinic (1986 , 1989a , 1989b reported no significant nitrite-oxidizer inhibition for free ammonia concentrations below 10 mg NH 3 -N/L, whereas Mauret et al. (1996) concluded that free ammonia inhibits Nitrobacter in the range of 6.6 to 8.9 mg NH 3 -N/L.
Several investigators have called into question the true cause of nitrite oxidizer inhibition. For example, Cecen and Ipek (1998) have suggested that the dissolved oxygen to free ammonia ratio, and not the free ammonia concentration itself, is of primary importance when attempting to induce nitrite accumulation. The work of others (Stuven et al. 1992; Yang et Alleman 1992; and Hyungseok Yoo et al. 1999 ) has suggested that hydroxylamine -an intermediate in the ammonia oxidation process -may be the true cause of nitrite oxidizer inhibition and therefore of nitrite accumulation.
In addition, it is now believed that Nitrospira, and not Nitrobacter, is typically the dominant nitrite oxidizer in most environmental matrices including wastewater systems (Schramm et al. 1998; Juretschko et al. 1998; Daims et al. 2000; Bartosch et al. 2002) . This is in spite of the fact that described species of Nitrospira grow significantly slower in pure culture than Nitrobacter (Juretschko et al. 1998) . Interestingly, Gieseke et al. (2003) state that it is not known whether bacteria of the genus Nitrospira are inhibited by free ammonia.
The work reported here was the direct result of the authors' inability to reproduce nitrite oxidizer inhibition effects at free ammonia concentrations reported as inhibitory in the engineering literature. This work was carried out with a combination of mixed and pure cultures with the primary objectives of confirming whether or not free ammonia is truly inhibitory as well as the most likely cause(s) of the observed phenomenon. This paper summarizes the results of three specific experiments conducted as part of the overall research program and used to develop a conceptual model for apparent free ammonia inhibition. Pure cultures of Nitrospira moscoviensis were used in the first set of experiments to confirm free ammonia inhibition. This work was followed by mixed culture experiments with synthetic wastewater to study the response of mixed microbial populations to both a dissolved oxygen and free ammonia perturbation respectively.
METHODOLOGY

Pure Culture Experiments
Pure cultures of Nitrospira moscoviensis were cultured in eleven separate flasks under one of five different culture conditions. Four of the eleven were grown under free ammonia stress. The objective of this experiment was to determine if there was any significant difference in nitrite oxidation rate between Nitrospira cultures grown in the presence and absence of free ammonia stress. Salt controls were used to eliminate possible salt effects associated with ammonium The eleven cultures were grown in 2-liter Erlenmyer flasks. Each flask contained 1000 mL of sterile media and, with the exception of flask 11 (40 mL inoculum), was inoculated with 100 mL stationary phase Nitrospira moscoviensis culture from the same inoculum source. All of the cultures were grown as static cultures at 37 ο C. The flasks were wrapped in aluminum foil to eliminate possible inhibition from UV light.
Pure culture cells were grown in DSMZ mineral medium 756d. The mineral medium has the following composition: 899 mL distilled water, 0.5 g NaNO 2 ; 1 mL trace element solution; and 100 mL of stock solution. The medium pH was adjusted to 8.6 with NaOH. The media was autoclaved following pH adjustment and allowed to stand for two to three days to allow the pH to adjust itself to pH 7. 4-7.6 Cultures grown under free ammonia stress were amended with the appropriate volume of a filtersterilized solution of ammonium chloride. The salt controls were prepared by adding the appropriate weight of sodium chloride to the growth media, prior to autoclaving.
Mixed Culture Bench Scale Reactor Experiments
The mixed culture reactor experiments were carried out using a bench-scale, continuous stirred, tank reactor (CSTR). The reactor was designed with a gas tight headspace, to allow collection of headspace gas samples. The dissolved oxygen concentration in the CSTR was measured with a dissolved oxygen probe and oxygen values were stored and logged every thirty seconds using a computer and data logging system. The reactor pH was also logged and controlled between pH 7.9 and 8.4, by adjusting influent alkalinity through a combination of sodium bicarbonate (0.6 M) and sodium hydroxide (2 M) addition. The Garrett configuration, in which biomass is wasted directly from the reactor (Grady et al. 1999) , was used for solids control; solids wasting was carried out daily. The reactor setup has been presented in previous publication (Simm et al. 2004a) . Two separate mixed culture experiments are reported on here.
The CSTR was initially operated at a 10-day solids retention time (SRT), low dissolved oxygen concentration (<0.5 mg/L), and high influent ammonia (150 mg-N/L) to induce partial nitrification, the build up of a free ammonia stress, and potentially hydroxylamine accumulation. The dissolved oxygen concentration of the reactor was increased once stable operating conditions were established and the shift in microbial population and change in gas dynamics were tracked until a new equilibrium was reached.
The CSTR was operated at a 5-day SRT, low influent ammonia (<40 mg-N/L), and high dissolved oxygen concentration in the second mixed culture experiment. The dissolved oxygen concentration in the reactor was controlled manually between 4 and 5 mg/L with a rotameter. Once the rotameter was set, the aeration setting was only changed when the measured dissolved oxygen was outside the desired range. The influent ammonia and reactor ammonia concentrations were increased instantaneously once the system was completely nitrifying and stable operating conditions were established. Again, the shift in microbial population and change in gas dynamics were tracked until a new equilibrium was reached.
The influent feed formulation used for each of the high and low dissolved oxygen system perturbation studies is summarized in Table 2 . Note 1 -4 ml of a trace metals mix were added per twenty liters of feed. The trace metals mix was identical to that used by Turk and Mavinic (1986 , 1989a , 1989b 
ANALYTICAL METHODS
RNA Slot Blotting
Mixed liquor samples were collected from the mixed culture reactors, centrifuged, and stored at -80 o C prior to RNA extraction. RNA extractions were conducted using Trizol TM reagent and bead beating, according to the manufacturers protocols, using a Bio-Spec mini-bead beater. This procedure is based upon the RNA extraction method developed by Chomczynski and Sacchi (1987) . Oligonucleotide probes were synthesized at the University of British Columbia Nucleic Acid and Protein Synthesizing (NAPS) unit and unincorporated nucleotides were removed from the probes using an ammonia-butanol purification step. The lyophilized probes were solubilized in RNase-free water prior to dilution for use in probe labeling. All oligonucleotide probes were labeled to a specific activity of 10 8 -to-10 9 CPM/µg with 32 P by using a 5' end labeling kit as supplied by Amersham Biosciences (RPN 1509). Slot blot hybridizations were conducted in general accordance with the method outlined by Stahl et al. (1988) , Raskin et al. (1994) and Mobarry et al. (1996) . The molecular probes used for this study included Nso 190 (5'-CGA TCC CCT GCT TTT TCT CC-3') targeting all characterized ammonia-oxidizers in the β subdivision of the Proteobacteria (purple bacteria), Nb 1000 (5'-TGC GAC CGG TCA TGG-3') targeting Nitrobacter, and Ntspa-454 (5'-TCC ATC TTC CCT CCC GAA AA -3') targeting Nitrospira moscoviensis and related Nitrospira-like organisms. Mobarry et al. (1996) previously described the Nb 1000 and Nso 190 probes. The Ntspa-454 probe for Nitrospira has been previously described by Hovanec et al. (1998) .
Protein Assay
Protein analyses were carried out using the bicinchoninic acid (BCA) assay described by Smith et al. (1985) . This sensitive method was selected due to the low protein concentrations of the pure cultures. Ten-milliliter triplicate samples were aseptically taken from each pure culture flask and filtered using a 0.2 micron sterile filter. The filter concentrated cells were suspended using a sterile rubber policeman and sterile distilled deionized water then transferred to a 5 mL reaction vessel. The filter concentrated cells were diluted to 1 mL volume with distilled deionized water and then vortexed. One milliliter of the BCA reagents were added to the cell concentrate, the mixture was vortexed, and then incubated at 60 ο C for 30 minutes. Standards were made up using crystallized Bovine Serum Albumein (BSA). Several attempts were made to use bacterial laden filters directly in the reaction/incubation; however, material in the filters themselves provided high background interference.
Fluorescent In Situ Hybridization (FISH)
A limited number of samples were analyzed via fluorescent in situ hybridization. Fluorescent In Situ Hybridization (FISH) was conducted using the Nitri-VIT TM kit supplied by Vermicon Inc., according to the manufacturers instructions.
Chemical Analyses
The analysis of ammonia, total Kjeldahl nitrogen (TKN), nitrate, nitrite, total organic carbon, and total dissolved solids was carried out as described in the 19 th Edition of Standard Methods for the Examination of Water and Wastewaters (Eaton et al. 1995) . The free ammonia and nitrous acid concentrations were estimated using the relationships presented by Anthonisen et al. (1976) . Hydroxylamine was measured using the GC method developed by Simm et al. (2004b) .
N 2 O
Reactor off gas samples were collected using a gas tight syringe and analyzed for nitrous oxide by gas chromatography, using a Hewlett-Packard 5880A equipped with an electron capture detector. In the GC analysis, nitrogen was used as the carrier gas (at 20 mL/min) with a column packing material of Haycep C. The injector, oven, and detector temperatures were 80 o C, 80 o C, and 250 o C, respectively.
Nitric Oxide (NO)
Off gas samples were collected for nitric oxide analysis using a gas tight syringe. The collected samples were immediately injected into a Sievers Model 280i Nitric Oxide Analyzer (NOA   TM   ) . This instrument uses a high-sensitivity detector for measuring nitric oxide based on a gas-phase chemiluminescent reaction between nitric oxide and ozone. A thermoelectrically cooled, redsensitive photomultiplier tube detects the emissions from the activated nitrogen dioxide produced. The detection limit of the NOA for measurement of gas-phase NO is approximately 0.5 ppbv.
RESULTS
Pure Culture Trials
The experimental results for the pure culture experiment are summarized in Table 3 (the results for the culture grown on the heterotrophic media were not included in Table 3 , since the media used appeared to interfere with the protein assay) and Fig. 1 . The measured nitrate-nitrogen concentration with time for each experimental treatment is also presented in Fig. 1 . The results suggest that there was no significant difference between treatments, with the exception of the cultures that received the mixotrophic Nitrobacter media and smaller inoculum. The results with the mixotrophic Nitrobacter media suggest organic matter is inhibitory to Nitrospira moscoviensis. This is consistent with the findings of Ehrich et al. (1995) who reported that concentrations as low as 0.75 grams organic matter/L or higher, inhibited growth of Nitrospira moscoviensis cells. Table 4 . The average concentrations of nitrous and nitric oxide in the reactor headspace were <1 ppm and <0.5 ppm respectively, prior to the step increase. These data indicate that the system was achieving virtually complete nitrification to nitrate (>95% as nitrate) at this point with little or no production of nitrogen oxide gases. To simulate an instantaneous increase in total ammoniacal nitrogen loading the reactor was spiked to 110 mg-N/L when the influent total ammoniacal nitrogen concentration was increased from approximately 40 to 150 mg-N/L and sustained at the higher concentration. The total ammoniacal nitrogen spike resulted in an initial reactor free ammonia concentration of approximately 9 mg-N/L. The combination of the spike and increase in the influent concentration resulted in a sustained period of free ammonia stress, with concentrations well above the inhibitory range reported for nitrite oxidizers of 0.1 to 1 mg/L (Anthonisen et al. 1976 ). Manual pH control was maintained during the first 24 hours of the test, in order to maintain the desired pH range; the influent alkalinity was adjusted on the second day, following the spike, to account for the increase in ammonia oxidation.
Time series plots of the reactor concentrations of total ammoniacal nitrogen (TAN); nitrate and nitrite for the entire study duration of the high dissolved oxygen mixed culture study are presented in Fig. 2 . The measured concentrations of headspace nitric oxide were relatively low (< 5 ppm) throughout the study duration. Elapsed tim e (hours) Oxidized nitrogen (mg/L as N)
The increase in reactor free ammonia coincided with an immediate increase in nitrous oxide emissions and a gradual decline in the concentration of nitrate in the reactor. The time series plot for headspace nitrous oxide emissions is presented as Fig. 3 . The dissolved oxygen concentration in the reactor declined steadily during the first 48 hours following the perturbation (dissolved oxygen concentration of 3.8 mg/L by hour 48), at which time the aeration rate was increased from 1.48 to 1.98 L/min. The latter aeration rate was maintained for the remainder of the study. The headspace nitrous oxide concentration increased from a concentration of less than 1 ppm to a concentration of at least 70 ppm in the first twenty-four hours following the spike. Thirty hours after the perturbation the reactor nitrate concentration had essentially leveled off between 8 and 12 mg-N/L from an average of 36 mg-N/L and remained relatively stable until the free ammonia concentration dropped to zero (by hour 72). By hour thirty the concentration of nitrous oxide in the headspace had started to decline and it leveled off after hour 72. RNA slot blotting conducted for this study indicated that both Nitrospira and Nitrobacter species were present in the reactor although Nitrospira were the dominant nitrite-oxidizer. Interestingly, Nitrospira and not Nitrobacter were impacted by the reactor perturbation. The results of the RNA slot blotting are presented in detail in Simm et al (2005) .
Essentially all (>95%) of the measured decrease in reactor nitrate concentration, relative to the initial concentration, over the first 7.7 hours of the perturbation can be accounted for by the estimated cumulative nitrous oxide emissions. The mass balance suggests that nitrate was being extensively denitrified to nitrous oxide by heterotrophs or that nitrite was denitrified to nitrous oxide either autotrophically or heterotrophically, before the nitrite oxidizers had an opportunity to convert it to nitrate. Even though nitrous oxide can also be generated by chemodenitrification via the autodecomposition of hydroxylamine to nitrous oxide, this source was probably negligible in this study because hydroxylamine samples taken during the first twenty-four hours, following the perturbation did not contain measurable quantities of hydroxylamine.
By hour 23.8, the actual cumulative sum of nitrate and emitted nitrous oxide only accounted for approximately 60% of the projected values; however, the nitrogen balance is essentially closed when one considers the loss of nitrite oxidizer activity via wasting. The ammonia oxidation rate increased approximately twenty percent, five hours after the perturbation. The ammonia oxidation rate had increased by 75%, relative to the original, after the first twenty-four hours and reached the maximum rate by 71 hours following the original perturbation. The increase in the ammonia oxidation rate was estimated via a mass balance on a time step basis. It was assumed that most of the ammonia loss was due to ammonia oxidation. The nitrite and nitrate production rates were estimated in a similar fashion. The nitrite production rate was estimated as the sum of the cumulative nitrite and nitrate since all the nitrate arises from nitrite. The nitrite production rate increased marginally and stayed relatively stable immediately following the step (first 7.7 hours), whereas the nitrate production rate steadily declined. By hour 23.8, the nitrate production rate stabilized and remained relatively unchanged until hour 71. The nitrite production rate increased proportional to the ammonia oxidation rate.
By hour 72, the free ammonia concentration in the reactor was essentially zero. By this point in time, all of the continuously supplied ammonia was being completely oxidized to nitrite and the mass emission rate of nitrous oxide was approximately one third of the maximum measured rate. The nitrate concentration in the reactor increased steadily between hour 72 and 300 signifying a recovery of the nitrite oxidation activity. The reactor nitrate concentration became erratic between hour 300 and 500 when there was an inexplicable increase in effluent solids concentration that resulted in a sharp drop in system solids retention time (SRT dropped to approximately 3 days between these time periods). The system appeared to recover by hour 500 and the result was a gradual increase in the reactor nitrate concentration until complete nitrification was established by hour 900.
Low Dissolved Oxygen Mixed Culture Study
The CSTR was operated with the high ammonia feed, low dissolved oxygen concentration, and 10-day SRT between January 2001 and January 2002. The overall performance data for the time period February 1 to March 3, 2002 were presented in a previous publication (referred to as Reactor R5 in Simm et al., 2004a) . This reactor was operated at low dissolved oxygen in order to retard nitrification to the point where a free ammonia stress would be maintained (average reactor free ammonia (NH 3 ) concentration ranged between 2.4 to 4.5 mg-N/L) and hydroxylamine could potentially accumulate. No measurable concentrations of hydroxylamine were recovered from this reactor. The reactor exhibited partial nitrification with an average effluent nitrite concentration of approximately 35 mg-N/L and little or no nitrate produced.
By May 2002, the aeration rate for this reactor had been reduced from 1.2 L/min to 0.38 L/min in an attempt to reduce ammonia oxidation, increasing residual free ammonia, and therefore induce hydroxylamine accumulation. The resulting reactor pH and dissolved oxygen concentrations were 7.7-7.9 and 0. figure) . The residual ammonia concentration in the reactor had dropped by over 60% within 6-hours of the aeration rate increase (reactor ammonia concentration dropped from 117.5 to 43.6 mg-N/L) and complete ammonia oxidation was essentially achieved within twenty-four hours (>95% ammonia removal). The decrease in residual ammonia concentration was accompanied by a decline in headspace nitrous oxide concentration (Fig. 5 ) that continued until nitrite disappeared from the reactor on day 12. 
Elapsed Time (days) Nitrous Oxide (ppm)
The initiation of nitrite oxidation (as measured by the presence of nitrate) did not appear to commence until day 7. This is 4 days after the reactor free ammonia concentration had declined to less than 0.1 mg-N/L (Fig. 4) . Both effluent nitrite (Fig. 4) and headspace nitrous oxide concentration (Fig. 5 ) appeared to level off between days 3 and 7. The effluent nitrate concentration increased from 11.4 to 156.7 mg-N/L between days 7 and 12. This was coincidental with a decline in effluent nitrite from 147.6 to 4.2 mg-N/L (Fig. 4) and headspace nitrous oxide from 107 to 20 ppm (Fig. 5) .
During the perturbation, emissions of ammonia, nitrite, nitrate, and nitrous oxide accounted for between 80 and 100% of the influent nitrogen loading to the reactor. The incorporation of nitrogen into biomass accounted for between 2 and 4% of the total. The nitric oxide emissions accounted for less than 1% of the measured total. The percentage of each nitrogen species (100% taken as the sum of ammonia, nitrite, nitrate, nitrous oxide, and synthesis) is summarized as Fig. 6 . These data suggest that the nitrate mass production rate does not start increasing until after it exceeds the nitrous oxide mass emission rate. This is supported by a scatter plot of nitrate versus nitrous oxide presented as Fig. 7 . 
Elapsed Time (days)
Ammonia Nitrite Nitrate Synthesis Nitrous oxide 
Nitrous oxide mass emission (mg-N/day) Effluent Nitrate (mg-N/day)
The RNA slot blotting indicated no significant change in the concentration of β Proteobacterial ammonia-oxidizers, as measured by the Nso 190 RNA probe, before and after the aeration perturbation. The concentration of Nitrospira-like nitrite-oxidizer RNA, as measured by the Ntspa 454 RNA probe, increased by over four-fold by day 7 of the perturbation. The RNA slot blotting results indicate Nitrospira-like organisms survived in this system prior to the perturbation, even in the presence of long-term (>30 SRTs) free ammonia and dissolved oxygen stresses. No Nitrobacter-like nitrite-oxidizing organisms were detected in this reactor, based upon probing results using the Nb 1000 probe.
DISCUSSION
Several lines of evidence from this research suggest free ammonia is unlikely to be the primary cause of nitrite oxidizer inhibition as reported in the literature. Numerous continuous flow studies indicated that hydroxylamine was unlikely to be the cause of sustained nitrite accumulation as suggested in the original research hypothesis. The one constant was that nitrous oxide production was coincidental with nitrite accumulation in every case studied. Hunik et al., (1993) had previously demonstrated that free ammonia was unlikely to be inhibitory to pure cultures of Nitrobacter agilis. Recent research has indicated the primary nitrite-oxidizers in wastewater systems are Nitrospira and not Nitrobacter and this was certainly the case for the reactors operated for this research program. The results of the Nitrospira pure culture trials support the conclusion that free ammonia is unlikely to be inhibitory to nitrite-oxidizing organisms in wastewater systems.
The results of the dissolved oxygen perturbation (Low DO Mixed Culture Study) coupled with the results of the targeted study on free ammonia inhibition of Nitrospira suggest the limiting bulk liquid dissolved oxygen concentration may be the primary cause of observed nitrite accumulation reported in the literature and not free ammonia.
The ammonia step study (High DO Mixed Culture Study) provided evidence that localized competition for nitrite and possibly oxygen at the bacterial colony level may in fact be the true cause of nitrite accumulation. The instantaneous, and sustained, increase in ammonia loading resulted in a gradual decrease in nitrite oxidizer activity that was coincidental with an increase in nitrous oxide emissions from the reactor, even at bulk liquid dissolved oxygen concentrations well above 3 mg/L. Microbial community analysis, using slot blotting techniques, indicated that Nitrospira, and not Nitrobacter, populations were most affected during the perturbation. No measurable concentrations of hydroxylamine were recovered from the test reactor during this particular study.
A spike experiment in an SBR reactor with identical feed to that used for this research, described by Shiskowski et al., (2004) indicated ammonia was required for nitrous oxide generation, suggesting that autotrophic denitrification was likely the primary source of measured nitrous oxide.
Nitrous oxide is a known autodecomposition product of hydroxylamine; however, several experiments conducted for this research program showed that decomposition of hydroxylamine is unlikely to be the primary cause of observed nitrite accumulation (Simm 2004) . In fact, the presence of hydroxylamine was deemed to be an indicator of conditions at the bacterial colony level (ie. low concentration of the two potential terminal electron acceptors for ammonia oxidizers namely oxygen and nitrite), as opposed to the primary cause of nitrite accumulation.
Several lines of evidence from throughout this research program, suggest that substrate competition between ammonia and nitrite oxidizing organisms is the most likely cause of observed nitrite accumulation. These data, and other observations made during the course of this research program, have led to the development of a conceptual model that these authors believe helps to explain not only free ammonia inhibition, but also the variation in inhibitory limits presented in the literature.
There are five fundamental tenets of the biochemistry of nitrifiers that receive little or no attention in the engineering literature. These include: (1) the complexity of both biological and chemical nitrogen transformations as they relate to nitrification, (2) substrate availability with changing pH, (3) the potential for substrate competition (specifically nitrite and oxygen) between ammonia and nitrite oxidizers, (4) the impact of the enzyme pool size on observed phenomena, and (5) the impact that ammonia and nitrite-oxidizer colony structure and spatial orientation has on nitrification performance.
The half saturation coefficient for ammonia oxidation decreases with increasing pH, therefore free ammonia is the real substrate of ammonia-oxidizing organisms (Suzuki et al., 1974) . This implies that as pH increases the rate of free ammonia oxidation to hydroxylamine increases, assuming no other substrate limitations. The free ammonia perturbation study, discussed above, resulted in an immediate increase in ammonia oxidation rate of over twenty percent. Frijlink et al., (1992) found that actively growing cells of Nitrosomonas europaea do not maintain a constant internal pH when the external pH is varied from 5 to 8; this suggests that above the optimum pH value for growth, the advantages of increased availability of free ammonia must be counterbalanced by the need to maintain an internal pH value below that of the external medium. Any increase in substrate utilization rate, as a result of free ammonia availability, should result in an increase in the oxygen utilization rate.
Several nitrite step studies, conducted as part of this research program (Simm(2004) ), in which nitrite was fed into a CSTR at pH 7.5 and 8.5, resulted in no appreciable change in nitrate production rate suggesting the half saturation coefficient for nitrous acid is so low that it is unlikely to make a significant difference in nitrite oxidation rate. The fact that nitrite rarely accumulates in nitrification systems suggests nitrite oxidizers have a much higher affinity for nitrous acid than do ammonia oxidizers; therefore, a high pH would have a greater impact upon the ability of ammonia-oxidizers to use this substrate.
Hydroxylamine oxidation to nitrous acid is believed to take place in the periplasmic space of ammonia-oxidizers and therefore, the nitrous acid concentration will be affected by external pH. An increase in pH will therefore reduce the nitrous acid concentration in the periplasmic space of these organisms, resulting in a significant reduction in nitrous oxide generation.
The fact that ammonia-oxidizing organisms can denitrify nitrite to nitrous oxide has been known for some time (Hopper, 1968) . Ammonia-oxidizers can use both nitrite and oxygen as terminal electron acceptors. As indicated by Anderson and Levine (1986) , nitrous oxide generation by pure cultures of Nitrosomonas europaea increased with decreasing oxygen concentration. The fact that nitrous oxide emissions were coincidental with nitrite accumulation, in all cases studied for this research, suggests that all or part of the ammonia-oxidizer population was subjected to an oxygen limitation. The electron transport model for ammonia-oxidizers proposed by Schmidt (2003) implies nitrous acid, produced by the oxidation of hydroxylamine, can be directly reduced to nitrous oxide, without leaving the ammonia-oxidizer cell. The fact that hydroxylamine was reduced to nitrous oxide, while the concentration of exogeneously added nitrite remained the same in a live biomass test conducted under nitrogen sparging for this research program supports this portion of Schmidts' model. Therefore, nitrogen reduced to nitrous oxide by ammoniaoxidizers is simply unavailable to nitrite-oxidizing organisms.
The fact that free ammonia is the true substrate of ammonia-oxidizing organisms and these organisms can use nitrite as substrate for nitrous oxide generation has profound implications on the way in which free ammonia inhibition tests are interpreted. A transient increase in free ammonia, as would be the case in a typical batch test, would result in an immediate increase in oxygen utilization rate of ammonia-oxidizers and increased potential for localized oxygen limitations, depending upon mixing conditions and aeration rate. The fact that most ammoniaoxidizers possess multiple copies of the ammonia monooxygenase and hydroxylamine oxidoreductase enzymes would likely magnify the response of the ammonia-oxidizer population. If there were a sufficient decline in local dissolved oxygen concentration, some members of the ammonia-oxidizer population would denitrify nitrite to nitrous oxide. This could potentially result in a localized limitation in the concentration of the two complementary nitrite-oxidizer substrates, nitrite and oxygen. As indicated by Grady et al., (1999) , relatively little is known about how microorganisms respond to simultaneous limitation of two or more complementary nutrients. However, Bae and Rittmann (1996) have shown that the interactive model is more appropriate when the two limiting constituents are the electron donor and the electron acceptor, as would be the case here. An interactive model is based upon the assumption that two complementary nutrients can both influence the specific growth rate at the same time (for example, if two complementary nutrients are present at concentrations equal to their half saturation coefficients, then each together will reduce the specific growth rate to half the maximum, resulting in an overall reduction to one-fourth the maximum). If an interactive type model were to apply to nitrite-oxidizers, and Nitrospira specifically, the combined effect of even a small decline in both localized oxygen and nitrite concentrations could have a significant impact upon nitrite oxidation kinetics. The fact that free ammonia was not inhibitory to Nitrospira moscoviensis, in the absence of ammonia oxidizing organisms, supports the contention that it is the complex interaction between the two groups of organisms that is most important.
It is unlikely that the biochemistry alone is responsible for observed phenomena, since nitrite occasionally accumulates under high dissolved oxygen conditions. FISH images collected for this research showed ammonia and nitrite-oxidizing organisms growing in colonies in relatively close proximity. The series of events discussed above is made possible, and in fact is likely exacerbated, by this tendency. All of the FISH images collected for this research, were taken using a scanning confocal microscope that allows one to get a three dimensional view of the ammonia-oxidizer colonies. The data collected indicated that ammonia-oxidizer colonies constituted a solid mass of cells. Therefore, it is not difficult to imagine that ammonia-oxidizer cells in the middle of the colony could receive less oxygen, relative to those on the outer perimeter. A transient increase in free ammonia concentration, as would be the case during a batch test, would result in an increase in ammonia oxidation rate and, therefore, oxygen utilization. Three zones would likely be established inside the ammonia oxidizer colony (refer to Fig. 8 ) with the size of each dependant upon local environmental conditions. In the first, or outer zone of the colony, ammonia would be oxidized to nitrite. The increase in ammonia oxidation rate would result in a localized reduction in dissolved oxygen concentration for nitrite oxidizers in close proximity to the ammonia oxidizer colony. In the second zone of the ammonia-oxidizer colony, located deeper in the colony mass, oxygen would be limited and free ammonia and hydroxylamine from the most inner zone would be converted to a combination of nitrite and nitrous oxide. There would be a trace amount (just enough to allow a minimum of free ammonia oxidation) of oxygen in the most inner zone and free ammonia would be converted to hydroxylamine here. The net effect would be a reduction in both nitrite and oxygen concentrations for adjacent nitrite oxidizer colonies and a significant localized reduction in nitrite oxidation rate. In extreme cases, as was likely the case for the ammonia step study (High DO Mixed Culture Study), the reduction in localized nitrite concentration would be high enough to completely deny the nitrite-oxidizing population of their substrate. Although the ammonia oxidation rate of some cells will increase as a result of a free ammonia transient, the enzyme pool has a finite size that increases at a relatively slow rate due to the low yield of nitrifying organisms. The nitrite that escapes the immediate vicinity of the nitrite oxidizer colonies, indicated in Figure 8 , will be available to other nitrite oxidizers located in a more favorable location with respect to oxygen availability, assuming such colonies exist. The dissolved oxygen transient experiment is a case in point. Nitrite oxidation didn't recover until several days after both dissolved oxygen and free ammonia stresses were removed. FISH images taken before and after this perturbation suggest a difference in the number of nitrite-oxidizer colonies, but not in their size; this suggests the delayed recovery was a function of the time required for new nitrite-oxidizer colonies to be established in these more favorable microenvironments. The acclimation of nitrite-oxidizers to free ammonia in a continuous flow system is, therefore, likely to be a function of the time required for the ammonia-oxidizer enzyme pool to adjust to the new conditions, as well as the time required for nitrite-oxidizer colonies to become established in favorable microenvironments.
The model presented here to explain apparent free ammonia inhibition also explains a number of anomalies in current nitrification literature. For instance, Anthonisen et al., (1976) used mixed liquor samples from wastewater systems treating agricultural wastes. These wastes are known to have extremely high nitrogen loading and, if the treatment system is providing complete nitrification, large nitrifier populations. If free ammonia were inhibitory to nitrite-oxidizers, why is it that Anthonisen et al., (1976) report nitrite-oxidizer inhibition at free ammonia concentrations more than five times lower than those reported by Turk and Mavinic (1986 , 1989a , 1989b who seeded their reactor with mixed liquor from a pilot plant treating a relatively dilute municipal waste, having a much lower influent ammonia concentration? The answer to this question can be deduced when one looks at FISH images taken from an SBR reactor as part of this research program. The increased ammonia loading eventually resulted in larger ammonia oxidizer colonies. Oxygen starvation of portions of an ammonia-oxidizer colony is more likely to take place in a larger colony, with a large ammonia-oxidizer population, than in a smaller colony. This, in turn sets up a localized reduction in both dissolved oxygen and nitrite concentration for adjacent nitrite-oxidizer colonies. Culture history (C:N ratio, bulk liquid dissolved oxygen concentration, mixing conditions) will determine the size and relative location of both ammonia and nitrite-oxidizer colonies and, therefore, the apparent susceptibility to a free ammonia stress.
If free ammonia and dissolved oxygen concentrations coupled with colony structure govern observed nitrite accumulation phenomenon what, if any, role does hydroxylamine play? In retrospect, the fact that hydroxylamine was not measured in continuous flow studies, except under the most extreme of conditions, should not have come as a surprise. The ammoniaoxidizing cell derives essentially no energy from the oxidation of free ammonia to hydroxylamine. In addition, hydroxylamine is a toxic compound that, as indicated by several studies conducted for this research, kills ammonia-oxidizer organisms as well as nitriteoxidizers. The production of a toxic compound that starves the producing cell, while poisoning its' neighbors within the colony, does not appear to be, a wise long-term strategy. The results of a number of studies conducted for this research illustrate that hydroxylamine is produced only under extreme conditions. How much is produced, and whether it is produced at all, will be dependant upon the size and severity of the free ammonia and dissolved oxygen stresses, relative to the size of the ammonia-oxidizer enzyme pool. Under the most extreme conditions, hydroxylamine could be produced, resulting in the starvation of ammonia-oxidizers and poisoning of both nitrifier groups. Most importantly, however, the presence of hydroxylamine in the bulk liquid can be viewed as an indication that part or all of the ammonia-oxidizer population has insufficient electron acceptor (both oxygen and nitrite), relative to available free ammonia substrate.
The conceptual model presented here has several important implications, the most important of which concerns the way in which nitrification processes are modeled in wastewater systems. It is the contention of these authors that fundamental research on the various facets of the model presented should lead to mechanistically-based, simulation models, with greater utility than the empirical models currently available.
CONCLUSIONS
The following conclusions have been drawn based upon this research program:
• Nitrous oxide emissions were coincidental with nitrite accumulation in every case studied as part of this research. Therefore, any application of the nitrate shunt should consider the negative environmental impacts of nitrous oxide generation.
• Autotrophic denitrification was the primary source of measured nitrous oxide in both completely stirred tank reactor (CSTR) and sequencing batch reactor (SBR) systems.
• No measurable concentrations of hydroxylamine were found in stable nitrifying systems exhibiting nitrite accumulation, suggesting hydroxylamine is unlikely to be the source of observed nitrite accumulation.
• The results of both pure and mixed culture studies conducted as part of this research suggest free ammonia does not appear to be inhibitory to nitrite-oxidizing organisms, at the concentrations commonly reported in the engineering literature.
• Nitrospira-like organisms, and not Nitrobacter, were the dominant nitrite-oxidizer in reactors treating synthetic wastewater.
• Several lines of evidence presented as part of this research program suggest substrate (both nitrite and oxygen) competition between ammonia-and nitrite-oxidizing organisms is likely the primary cause of observed nitrite accumulation in nitrification systems. The unified ammonia oxidation model presented here explains many observed nitrification phenomena, including free ammonia inhibition.
